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Abstract.4
Large scale sea-ice thickness and surface-property data were obtained in5
three summers and in three dierent sea-ice regimes in the Arctic Trans Po-6
lar Drift (TPD) by means of helicopter electromagnetic sounding. Distribu-7
tion functions P of sea-ice thickness and of the height, spacing and density8
of sails were analysed to characterize ice regimes of dierent age and defor-9
mation. Results suggest that modal ice thickness is aected by the age of a10
sea-ice regime and that the degree of deformation is represented by the shape11
of P . Mean thickness changes with both age and deformation. Standard er-12
ror calculations showed that representative mean and modal thickness could13
be obtained with transect lengths of 15 km and 50 km respectively in less14
deformed ice regimes such as those around the North Pole. In heavier de-15
formed ice regimes closer to Greenland 100 km transects were necessary for16
mean thickness determination and a representative modal thickness could17
not be obtained at all. Mean sail height did not dier between ice regimes18
whereas sail density increased with the degree of deformation. Furthermore19
the fraction of level-ice, open melt-ponds and open water along the transects20
were determined. Slthough overall ice thickness in the central TPD was 50%21
thinner in 2007 than in 2001, rst-year ice (FYI) was not signicantly thin-22
ner in 2007 than FYI in 2001, with a decrease of only 0.3 m. Thinner FYI23
in 2007 only occurred close to the sea-ice edge where open water covered more24
than 10% of the surface. Melt pond coverage retrieved from laser measure-25
ments was 15% in both the 2004 MYI regime and the 2007 FYI regime.26
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1. Introduction
Sea-ice thickness is an important parameter with a great inuence on climatic processes27
in the Arctic [Holland et al., 2006]. Only two of the climate models mentioned in the 4th28
assessment report of the Intergovernmental Panel on Climate Change (IPCC) incorporate29
high resolution sea-ice thickness distributions [McLaren et al., 2006; Meehl et al., 2006].30
These two best predicted the decline in arctic sea-ice extent [Stroeve et al., 2007]. Satellite31
observations of the aerial extent and concentration of Arctic sea ice have been available on32
a regular basis since 1979. They reveal strong interannual variability of the sea-ice extent,33
which is superimposed by a decreasing trend of 3.7 % per decade for all seasons since the34
beginning of the record until 2006 [Parkinson and Cavalieri , 2008]. The decrease even35
accelerated within the last decade to 10.1 % [Comiso et al., 2008], and was particularly36
pronounced during September 2007 when an abrupt decline in sea-ice extent to only 62%37
of the climatological average emerged. Despite this observed decrease in ice extent a long38
term decrease in sea-ice volume remains unclear. Although a negative trend of sea ice39
volume within the 20th century is supported by several submarine based upward looking40
sonar (ULS) sea ice draft measurements [e.g. Wadhams and Davis , 2000a; Tucker et al.,41
2001; Yu et al., 2004], with an average decrease of 33% from a peak in 1980 to a minimum42
in 2000 [Rothrock et al., 2008], other publications discuss a controversial decrease of sea43
ice volume in the 20th century [e.g.Winsor , 2001; Gerdes and Koeberle, 2007]. Due to the44
progress of satellite altimetry techniques since the beginning of the 21st century, sea ice45
thickness data are available on an Arctic wide scale, indicating an increased loss of sea ice46
volume. Based on "ICESat" laser altimetry data, Kwok et al. [2009] found a volume loss47
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of Arctic sea ice of more than 40% since 2005. As for the decrease of sea ice extent, this48
decrease was especially pronounced in 2007, which is also supported by the results of Giles49
et al. [2008] for the western Arctic, who obtained sea ice thickness on the basis of satellite50
radar altimetry. In addition to remote sensing studies of sea ice volume, a number of51
in-situ sea ice thickness data sets were collected by means of helicopter electromagnetics52
(HEM) in the Arctic Trans Polar Drift (TPD) between 2001 and 2007. Based on HEM53
data, Haas et al. [2008] have shown a decrease of mean summer sea-ice thickness in the54
Trans Polar Drift (TPD) from 2.2 m in 2001 to 1.3 m in 2007 which is a decrease by 44%.55
This dramatic thickness decline is mainly the consequence of a regime shift from multi-56
year to rst-year ice in the TPD, which accompanied a signicant reduction of perennial57
sea ice in the Arctic between March 2005 and March 2007 [Nghiem et al., 2007] and a58
trend towards an accelerated TPD [Rampal et al., 2009].59
The study presented here is based on partially the same HEM data sets as the study60
of Haas et al. [2008], namely on HEM data taken in the TPD during the summers of61
2001,2004 and 2007. However, here we study the HEM data in more detail, to investigate62
particular characteristics of sea ice thickness and pressure ridge distributions and their63
relation to melt pond coverage and sea ice concentration. In particular we are interested64
in the shape of the distribution functions, the thickness and amount of undeformed ice,65
the amount of deformed ice, the dependence of thickness on concentration of sea ice and66
in latitudinal gradients within the distribution. Furthermore, in this study we compare67
thickness and pressure ridge distribution functions with respect to the sea ice regimes68
in which they were taken and with respect to their representativeness on the basis of69
standard errors. We discriminate between multi year ice (MYI) and rst year ice (FYI)70
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regimes [Haas et al., 2008] and between regimes with a mainly convergent ice drift north of71
Fram Strait or a mainly free ice drift in the region of the North Pole. Although we do not72
focus on the analysis of ice thickness trends in the TPD, which was the main goal of the73
preceding study by Haas et al. [2008], our results are important for the understanding of74
sea ice thickness changes in the Arctic. It provides details about the thickness distribution75
of seasonal ice in the record minimum year 2007 and compares them to the distribution76
functions of sea ice in the same region six years earlier. In addition it compares sea ice77
thickness distributions north of Fram Strait with earlier ULS measurements by Wadhams78
and Davis [2000a].79
We follow the theory of sea-ice thickness distribution by Thorndike et al. [1975] and80
describe our results by calculating discrete probability density functions P (z). Variations81
in P (z) describe sea-ice conditions in dierent study areas and periods. An important82
parameter of the thickness distribution is the modal thickness, which is associated with83
local maxima in P (z). It can be assumed that in FYI regimes the modal thickness reects84
vast areas of undeformed level sea ice which were formed at the same time during the85
autumn freeze-up. Multiple modes give evidence for the presence of larger sea ice areas86
in the survey area which were formed during dierent times. A mode of P (z) located87
at z=0 represents open water. Due to a longer melting and freezing period, undeformed88
sea ice in MYI regimes may not be considered as level any longer, such that a greater89
variety of undeformed ice thicknesses can be expected, i.e. P (z) would be characterised90
by a broader mode.91
We performed a detailed level-ice study with the motivation to compare level-ice thick-92
ness and level-ice occurrence between the three expeditions into the Arctic Ocean during93
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the three summers of 2001, 2004 and 2007. In particular we examine whether 2007 FYI94
was signicantly thinner than a small amount of FYI found in 2001 in the same region,95
as indicated by low ice extent and strong bottom melting reported in the Beaufort Sea96
[Perovich et al., 2008], or whether it diered within the range of natural variability. Level97
FYI thicknesses between two preceding summers may vary by as much as 0.3 m [Haas98
and Eicken, 2001]. To extract level ice in the data, a carefully tailored level ice lter was99
applied, which ensures that eroded pressure ridges are ltered out and do not contribute100
to the modal thicknesses.101
In addition we calculated distribution functions of ridge-sail height, spacing and den-102
sity, which is the number of sails per kilometer. For this we used surface roughness data103
measured with a laser altimeter which is incorporated in the HEM instrument, similar to104
a study by Peterson et al. [2008]. A laser altimeter produces accurate measures of sur-105
face roughness after making corrections to account for variations in aircraft ight height.106
The technique is described in more detail in section 2.3. Ridge-draft and ridge-spacing107
distributions based on ULS data were intensively studied by Wadhams and Horne [1980];108
Bourke and Garrett [1987] and Davis and Wadhams [1995]. These studies found that109
ridge-draft ts a negative exponential distribution and ridge-spacing a log-normal distri-110
bution. Here we verify whether these ndings can be applied to laser derived sail heights111
and spacing.112
During the summer months melting of sea ice creates melt ponds at the sea-ice surface.113
Melt ponds modify thickness distributions, as they result in enhanced local thinning due114
to their low albedo. Perovich et al. [2006], for instance, showed albedo values of 0.4 for a115
ponded surface at the beginning of August compared to 0.8 for a surface covered with dry116
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snow. Haas and Eicken [2001] studied the inuence of melt ponds on sea-ice thickness117
distributions and found that melt ponds are primarily located on the thinnest ice. Similar118
to our study Inoue et al. [2008] analyzed melt pond concentrations on sea ice of dierent119
ages in July 2003 in the Beaufort Sea and found typical concentrations of 25% on FYI120
and 30% on MYI. In this paper we introduce a new method to estimate the amount of121
meltpond concentration by analysing drop outs of the laser altimeter signal.122
Our 2007 HEM measurements are the only extensive thickness data obtained during123
the summer of 2007 and therefore represent a unique possibility to study the spatial and124
temporal changes of sea-ice thickness while the sea-ice extent was at its minimum. Steele125
et al. [2008] showed sea-surface temperature anomalies for the Pacic side of the Arctic126
ocean of up to 5o C in 2007. At the same time Perovich et al. [2008] measured 2.1 m127
of bottom melt on an individual ice oe close to the sea ice margin in the Beaufort Sea,128
which is more than 6 times the 1990s average. During the same period bottom melting129
on an ice oe close to the North Pole was comparable to previous years [Perovich et al.,130
2008]. The dierence between these two measurements suggests that the proximity to131
the sea-ice margin and the resulting lower sea-ice concentration accelerated the bottom132
melt. We analyze the 2007 thickness data with respect to enhanced thinning due to lower133
sea-ice concentrations and their relation to small distances to the sea-ice edge. We also134
compare our results to those of Perovich et al. [2008].135
Another focus of the present study is on the statistical reliability of the measurements.136
For the rst time we evaluate larger data sets of HEM sea ice thickness to determine137
the signicance of the obtained mean and modal thicknesses and mean pressure ridge138
sail parameters. Here an important quantity is the standard error . The standard error139
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is the standard deviation of an ensemble of mean or modal values obtained for transect140
subsections of the same lengths. When  is calculated for section-ensembles of dierent141
lengths, it is a measure of the transect lengths necessary to obtain mean and modal142
values which are representative for the entire data set. So we answer the question as to143
how long HEM proles should be in order to obtain reliable mean and modal thicknesses.144
Evaluation of standard errors for ULS submarine measurements was previously done by145
Wadhams [1997], who showed that for 50 km long proles obtained in essentially the same146
ice regime around the North Pole in a time window of 55 hours, the standard error of ice147
draft is about 12.75 % of the mean thickness. Wadhams took this result as a reference148
standard error, which when exceeded indicates signicant spatial or temporal variability.149
2. Data and Methods
2.1. Location and Period
The data sets presented here are from the three expeditions ARK17/2, ARK20/2 and150
ARK22/2 of the German research ice breaker "RV Polarstern" (Fig. 1). ARK17 took place151
along the Gakkel Ridge and east of the North Pole in August-September 2001 [Thiede,152
2002], ARK20/2 north of the Fram Strait in July-August 2004 [Budeus and Lemke, 2007]153
and ARK22/2 north of the Barents Sea and at the Pacic-Siberian side of the North Pole154
in August-September 2007 [Schauer , 2008]. The 2007 helicopter ight tracks were split155
into two regions, because they were widely separated and were surveyed three weeks apart156
from each other (Table 1). HEM sea-ice thickness surveys were performed along the cruise157
track as often as weather conditions allowed. Flight tracks were arranged along triangles158
(see Fig. 1) with side lengths between 18.5 km (2001), 35 km (2004) and 70 km (2007).159
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The increasing lengths of ights over the years demonstrates the operational advance in160
doing these measurements. Total survey lengths are listed in Table 1.161
2.2. Helicopter-borne Electromagnetic Sounding
HEM was pioneered in the 1950's in order to detect ore deposits and was rst applied162
over sea ice by Kovacs and Holladay [1990]. Since then the method has been frequently163
used for sea ice thickness determinations in the Arctic [e.g. Prinsenberg et al., 2002; Haas164
et al., 2006; Peterson et al., 2008; Haas et al., 2008]. Detailed information about the165
HEM instrument for measuring sea ice thickness was already given by Haas et al. [2009],166
hence we will only briey summarize the HEM method here. A pair of transmitter and167
receiver coils operating at 4 kHz is used to estimate the distance of the instrument to the168
ice-ocean interface. The dominant EM induction process takes place in the conductive169
sea water [Pfaing et al., 2007]. In addition, a laser altimeter yields the distance to the170
uppermost snow surface, hence snow plus ice thickness is obtained by the dierence of171
laser- and EM-distance measurements. During all three expeditions no snow cover was172
observed in August and on average 10 cm of new snow accumulated in September, which173
is in agreement with climatological snow depth data by Warren et al. [1999]. Snow depth174
was measured during several ground surveys on the ice and observed during continuous175
observations from the bridge of "RV Polarstern" [Thiede, 2002; Budeus and Lemke, 2007;176
Schauer , 2008]. Signicant formation of drift banks could not be observed on the fresh177
snow cover. However, we cannot exclude the possibility that single samples of sea-ice178
thickness are biased by more than 10 cm, due to local snow accumulations.179
Compared to other HEM "birds" typically used in mineral exploration and geological180
mapping, the EM-bird used here is small and easy to handle from the helicopter deck of181
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a research vessel. The EM derived distance is sampled at 10 Hz which yields an average182
point spacing of 4 m with a typical helicopter speed of 40 m/s. The laser altimeter beam183
has a wavelength of 905 nm and is sampled at 100 Hz which results in a point spacing of184
0.4 m. Due to the diusive nature of the EM induction process, every thickness sample185
has a certain footprint over which the ice thickness is averaged [Kovacs et al., 1995; Reid186
et al., 2006]. In this case it is approximately 3.7 times the ight height of 10-15 m and187
leads to an underestimation of the maximum thickness of ridged ice by as much as 50%;188
open water spots smaller than the footprint cannot be detected at all. Furthermore 3D189
numerical modelling studies showed, that over long proles of deformed ice the true mean190
thickness and the HEM mean thickness are in good agreement [Hendricks , 2009], and191
validation experiments showed that determination of modal thickness is achieved with an192
accuracy of 0.1 m [Pfaing and Reid , 2009]. As a consequence of the instrument error,193
ice thickness samples thinner than 0.1 m are considered as open water.194
2.3. Laser Proling of Pressure Ridge Sails and Melt Ponds
Using a nadir looking 100 Hz laser altimeter we measured ridge-sail heights and spacing195
along the HEM prole. For ridge detection a combination of low and high pass lters196
was applied to the laser data in order to remove signals due to altitude variations of the197
helicopter [Hibler , 1972]. Local maxima in the ltered laser signal are inferred to represent198
pressure-ridge sails if they exceed a cut-o height of 0.8 m above the local level-ice height.199
In addition, two adjacent sails have to full the Rayleigh criterion, i.e. they have to be200
separated by a data point of more than half their height to be considered as separate201
features.202
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Furthermore we identify drop-outs in the laser signal in order to estimate the fraction203
along the HEM transect, which was covered with open melt ponds. Over snow and ice204
a diusive laser reection can be expected whereas a specular return or an absorption205
of the laser energy in the water column occurs over open water [Hoee et al., 2009].206
Hence laser drop-outs may occur over open water and melt ponds due to absorption or207
when specular reections are missed by the laser altimeter due to small pitch and roll208
movements of the bird. Since the sample frequency of the laser is 100 Hz and that of the209
EM signal is 10 Hz, 10 laser samples are merged with one EM sample. When at least one210
of these 10 samples is a drop-out, and when ice thickness is larger than 0.1 m, we classify211
the particular thickness sample as a meltpond measurement. This classication may fail212
where open leads and thaw holes are much smaller than the footprint of the EM-bird,213
as this may result in thickness values of more than 0.1 m. In such cases, open water214
spots and melt ponds cannot be distinguished. Although the accuracy of the absolute215
meltpond concentration is uncertain, due to a lack of validating data, we show relative216
changes between the years. Over melt ponds, extensive drill-hole studies showed that217
EM-derived ice thicknesses agree with the ice plus meltwater thickness within 0.1 m, as218
long as melt pond salinities are low [Haas et al., 1997] [Eicken et al., 2001].219
3. Results & Discussion
3.1. General Sea Ice Conditions
As shown by Haas et al. [2008], all data from 2001 and 2004 were collected over pre-220
dominantly multi-year ice (MYI) and 2007 data over predominantly rst-year ice (FYI).221
Most data were recorded in regions with high ice concentrations of > 90%, except those222
proles located close to the Siberian-Pacic sea-ice margin in September 2007 (Fig. 1d).223
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Ice concentrations shown in Figure 1 are negatively biased by melt ponds in a way as224
described by Inoue et al. [2008]. Not visible in Figure 1 are leads around the North Pole225
in 2001, which led to measured open water content for individual ights of up to 15%226
[Thiede, 2002]. The proles own in August 2007 (Figure 1c) were originally intended to227
extend farther north, but the "RV Polarstern" had diculties breaking through the ice228
even though mean thickness was below 1.4m (Table 1). By contrast, in September 2007,229
"RV Polarstern" steamed without any diculties through ice which was on average only230
15 cm thinner. Additional details of the four data sets are given in Table 1.231
3.2. Thickness Distribution
The thickness distributions P (z) of the 2001, 2004 and 2007 HEM surveys, together232
with their means, exponential decays and full-width-at-half-maximum (FWHM) values,233
are shown in Figure 2. FWHM is the width of P (z) where it is at 50% of the maximum.234
For all four data sets the distribution was asymmetric, with most of the ice distributed235
in the thicker part. None of the four distributions showed more than a single maximum,236
open water, i.e. the maximum at z=0, not included. Typical sea-ice sections for each data237
set are shown in Figure 3.238
Although 2001 was dominated by MYI and 2007 by FYI, both distribution functions239
were surprisingly similar in shape, as demonstrated by the similar FWHM (Table 1). This240
is an indicator for a common dynamic history of both sea-ice regimes, since according to241
Thorndike et al. [1975] only dynamic components are responsible for a redistribution of242
thinner ice towards thicker ice and therefore for a broadening of P (z). The larger FWHM243
of the 2004 data either indicates a larger degree of deformation in the ice cover or the244
presence of several ice-thickness classes with dierent histories. Both explanations are245
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typical for a MYI cover in the region north of Fram Strait, where sea ice from all over246
the Arctic Ocean converges, due to a constriction by the land masses of Greenland and247
Svalbard. This convergent ice regime includes sea ice from e.g. North of Greenland which248
probably remained there for multiple years but also younger MYI which advects from the249
central Arctic Ocean.250
The most prominent dierence between the years was the position of the maxima of251
P (z), which represents the modal thickness. Modal thickness diered by as much as 1.2252
m between the thinner maxima of 0.9 m in 2007 and the thicker ones of 2.0 m and 2.1 m253
in 2001 and 2004. This reduction was a consequence of the disappearance of MYI from254
this part of the Arctic Ocean in 2007 [Nghiem et al., 2007]. The mean thickness also255
decreased from 2.3 m in 2001 to 1.3 m in 2007. The 2004 mean thickness was particularly256
large, diering from the 2001 mean thickness by 0.35 m, although the modal thickness257
was similar. This indicates similar thermal but dierent dynamic histories of the two MYI258
regimes. The reduction of mean and modal thickness in the central Arctic Ocean within259
the last 16 years was further studied by Haas [2004] and Haas et al. [2008], who used data260
ranging back to 1991, including the data presented here. They found a decrease of mean261
thickness in the central Arctic of 58% between 1991 and 2007.262
As for sea-ice draft distributions from ULS data [Wadhams and Davy , 1986], the tail of
the thickness distribution Prdg(z) can be tted by a negative exponential function (Fig. 2)
P (z) = Ae B(z zmod) (1)
where zmod is the modal sea-ice thickness, z the sea-ice thickness and A and B are two263
tting parameters. The curvature B is the inverse of the standard deviation of the mean264
sea-ice thickness. The lower the curvature of B, the higher the amount of thicker deformed265
D R A F T September 8, 2010, 3:59pm D R A F T
X - 14 RABENSTEIN ET AL.: ARCTIC SEA ICE THICKNESS DISTRIBUTIONS
ice. Accordingly, B indicates there was a higher amount of deformed ice in the MYI cover266
of 2001 than in the FYI cover of 2007 and the degree of deformation of the MYI cover267
of 2004 was considerably higher than that of both, 2001 and 2007. All B values are268
listed in Table 1. A direct comparison of our curvatures with B values obtained from269
ULS measurements is dicult, since B is inuenced by the dierent footprint averaging270
of HEM systems and ULS systems; the HEM method may underestimate the thickness of271
pressure ridges by up to 50%.272
To summarize, we can state that the 2007 FYI and the 2001 MYI distributions are273
similar in shape but not in mean and modal thickness, for which 2001 showed a higher274
agreement with the 2004 MYI. The most plausible explanation is, that 2001 MYI and 2007275
FYI experienced similar dynamic but dierent thermodynamic histories, namely dierent276
ice growth periods. The opposite is true for 2001 and 2004 MYI, where similar modal277
thicknesses were produced thermodynamically, but both regimes were subject to dierent278
dynamics in that the 2004 regime was subject to heavier deformation, due to the location279
in a convergent drift regime north of Fram Strait.280
As a further conclusion we hypothesise, that the tail of thickness distributions Prdg(z)281
and the FWHM value do not necessarily increase with age, as shown by the comparison282
between 2001 MYI and 2007 FYI. The transition into a convergent stage has a stronger283
eect on both parameters as demonstrated by the 2004 data. However, the connection284
of curvature B and the amount of deformed ice in 2004 could be biased by the broad285
FWHM. In other words, we can think of the 2004 P (z) as a superposition of several P (z)286
from dierent ice regimes, each with a slightly dierent mode. Each ice thickness mode287
has an associated tail due to deformed ice and therefore modes might be inuenced by288
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tails. Moreover, we conclude that in a MYI regime only the FYI mode would be distinctly289
separated from the dominant one. A mode related to sea ice older than two years simply290
increases the FWHM, as the 2004 thickness distribution implies. P (0) determines the291
amount of open water with only 2001 with 2.5% and 2007b with 4.9% showing a signicant292
amount.293
Compared to earlier ULS measurements of late summer sea-ice thickness between Fram294
Strait and the North Pole [Wadhams and Davis , 2000a], the 2004 mean sea-ice thickness295
between 82N and 85N is 60% thinner than in 1976 and 22% thinner than in 1996.296
3.3. Ridge Distribution
Even when modal thickness is a good indicator for distinguishing between FYI and MYI,297
pressure ridge parameters are not. The mean height of pressure ridge sails diered by a298
maximum of only 0.13 m in all regimes and therefore cannot be taken as a reference, either299
for the age or for the modal or mean ice thickness of a regime. However, all data are based300
on summer measurements; in winter the conditions may be dierent due to an absence of301
surface melting. Nevertheless, pressure-ridge-sail distributions provide information about302
the degree of deformation within a sea-ice regime. Intuitively we expect higher sails, a303
higher sail density and a smaller spacing between the sails in a more deformed ice regime,304
such as in the 2004 survey area north of Fram Strait where we observed the highest mean305
sail height and the highest mean sail density or lowest mean sail spacing respectively. The306
histograms and the tted distribution functions of the three sail parameters are shown in307
Figure 4. Further statistical ridge parameters are listed in Table 2.308
Of the three ridge parameters, sail height h diers least between the three dierent ice
regimes. For instance in the 2001 MYI regime with a modal thickness of 2.0 m, mean
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sail height was just 0.04 m or 10% higher than in the 2007a FYI regime with a modal
thickness of 0.9 m. As for the tail of the thickness distribution, the distribution of sail




where C and D are the tting parameters and hcut the cut-o height of 0.8 m. The309
curvature D of the distribution and mean sail height plus its standard deviation for every310
year are shown in Table 2. The correlation r between tted and calculated sail height311
distributions is higher than 0.99 for all years.312
The spacing s and density d of pressure-ridges can be approximated by a log-normal







where ,  and  are the tting parameters and x represents s or d respectively. The
maximum of P (x) is at
xmax =  + e
( 2) (4)
and the mean is at





The tting parameters for P (s) and P (d) are listed in Table 3 and 4. Mean spacing and313
density are directly related whereas the modes diered signicantly. Modal spacing in314
relation to mean spacing was with 6 to 11 m almost equal for all data sets, but dierences315
in modal density were with 2 to 5 sails per kilometer in the same order of magnitude as316
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dierences in mean density. This is evidence that ridge sails tend to emerge in clusters,317
with a preferential spacing between 6 and 11 m within the cluster. Those clusters are318
probably associated with a single deformation zone in which the number of keels is not319
necessarily equal to the number of sails. Larger sail spacing in the distribution function320
can be assigned to level-ice areas which separate two deformation zones from each other.321
The correlations r between the true distributions of s and d and the log-normal ts are322
higher than 0:9 and 0:99 respectively for all data except 2001 where it is 0:69 and 0:95323
respectively. The lower correlation for 2001 most probably results from the smaller number324
of samples and the consequently coarser distribution histogram and not from the fact that325
the 2001 sail distribution follows a dierent functionality, which would be in contrast to326
previous publications [e.g. Davis and Wadhams , 1995; Wadhams , 2000b].327
3.4. Standard Errors
In order to quantify how representative the obtained results are, we calculate the stan-328
dard error " of the modal and mean thickness as well as of the means of the examined329









where Z is the mean or mode of the complete data set, Zi the mean or mode of the331
ith subsection of the data set, n the number of subsections and l the length of the par-332
ticular subsection. Thus the standard error is the standard deviation of an ensemble of333
subsection means or modes where all subsections concatenate to form the complete data334
set. The standard error " is a function of the subsection length l, but also of the degree335
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of homogeneity of the ice regime, expressed by e.g. multiple modes in the distribution336
function or a large FWHM. As a consequence, dierent ice regimes require dierent sec-337
tion lengths in order to determine the overall mean or the overall mode with a certain338
statistical reliability. For the determination of " we subdivided the ights into smaller339
sections ranging from 50 m to the maximum ight length and even longer sections by340
concatenating all ights in a particular year. Results of all standard error determinations341
are shown in Figure 5.342
In the following we denote " of the mean and the modal thickness by "mean and "mod.343
For thickness determination the error is limited to the maximum accuracy of the HEM344
bird of 0:1 m which represents a 0.2 m thickness interval. Therefore we consider a345
measurement of mean or modal thickness as representative for a particular ice regime346
if " is equal to or below the interval of 0.2 m. Previous thickness studies suggested347
an "mean as a percentage of the overall mean thickness of 12.75% as the threshold for348
representativeness [Wadhams , 1997]. We test for both criteria to evaluate our results.349
"mean decreases steadily as l increases and reaches the accuracy of 0.2 m at a length of350
10km in 2001, at 100 km in 2004 and at 15 km in 2007 (Fig. 5a left). All data sets351
full theWadhams [1997] requirement for representativeness at prole lengths of 5 km for352
2001, 30 km for 2004 and 100 km for 2007 (Fig. 5b left). However, we prefer the absolute353
standard error since an error of for instance 0.2 m should have the same weight in thicker354
and thinner ice regimes. Furthermore the comparison of absolute standard errors obtained355
in dierent thickness regimes is justied due to the non dependency of the standard error356
on mean thickness [Wadhams , 1997; Percival et al., 2008]. All "mean values are shown on357
the left side of Figure 5 a-c. The decrease of "mean with prole length is a measure for the358
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wavelength of thickness variations within the data set, with space and time information359
mixed. In "mean(50m) for example all wavelengths greater than 50 m are included. A360
comparison of the two less deformed ice regimes (2001,2007) shows, that for short prole361
lengths "mean2001 was higher than "mean2007 and vice versa for longer prole lengths (Fig. 5a362
left side). This indicates that spatial variability in the 2001 data set occurred on shorter363
length scales than in the 2007 data set. In other words, on length scales longer than 10364
km the MYI cover in 2001 was even more homogeneous than the FYI cover in 2007. But365
2007 covered a much larger area and a much longer time span i.e. larger variations can366
naturally be expected. So this conclusion is only valid for the data sets themselves and367
cannot be taken as a statement for the complete ice-thickness distribution of the TPD368
in the particular year. Haas et al. [2008] highlighted the remarkable self-similarity of all369
2007 proles. "mean can be taken as a quantication of this similarity. In the area covered370
in 2007, on 100 km sections over a time span of 1.5 months, the deviation of the section371
means to the overall mean was not greater than 0.15 m, which is indeed remarkably low.372
For 2001 the same applies to prole lengths of even 15 km, but here a time span of only373
1 month is covered and a shorter total prole length. In 2004 a higher "mean suggests a374
lower self similarity of the obtained thickness proles, and this even with a smaller extent375
of the survey area than 2007.376
In 2001 and 2007 "mod reached 0.2 m for a subsection length of 50 km. In 2004 the377
minimum value of "mod was still as high as 0.6 m for a section length of 100 km. The378
dependence of "mod on the subsection length l showed a dierent behaviour than for "mean.379
The modal standard error "mod was characterised by more abrupt changes (Fig. 5a right),380
which are based on the fact that the modal thickness reects just a single thickness out of381
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the distribution, namely the maximum, whereas all others are neglected and it means that382
there are other frequent thickness classes which dier signicantly from the dominant one.383
The prole length for which "mod starts to decrease for the rst time is probably correlated384
to the length of deformed sea-ice sections, since modes of level ice sections must dominate385
those of deformed sections. Positions where a steeper decline of "mod starts probably mark386
the minimum length for which the main ice class becomes dominant. The magnitude of387
the decline reects the ice-thickness dierence between the dominant and the second-most388
frequent thickness class. This is the dierence of the MYI and FYI modes in the 2001389
data (see chapter 3.6.) but also the occurrence of thin ice sections with a mode of 0.1390
m are a reason for abrupt declines in "mod. In the MYI regime of 2004 the jump of "mod391
occurs at a larger length than in 2001 and 2007 because thickness classes are present392
which dier signicantly from each other but are more equally frequent than in the MYI393
regime of 2001. This is also indicated by the larger FWHM (Table 1) of the 2004 data. In394
the more homogeneous FYI regime of 2007 "mod is generally smaller and shows no abrupt395
declines because the dierent dominant thickness classes are similar in thickness (smaller396
FWHM). Strictly speaking, with an "mod of more than 0.2 m, like in the 2004 data, the397
assignment of just a single modal thickness to the study region is not warrantable.398
Since mean and mode of a thickness distribution are not equal, modes of short proles399
more likely reect the overall mean thickness than the overall modal thickness (Fig. 5c400
right). This is easier to understand if we imagine a section length of only one sample.401
Then the mean of all modes of these one-sample sections is naturally equal to the overall402
mean thickness. Beyond a certain section length, the mean modal thickness decreases403
until it is equal to the overall modal thickness. In the less deformed FYI regime of 2007404
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from 30km length onwards the true modal thickness was achieved, in the 2001 MYI regime405
from 50km length onwards and in the heterogeneous and more deformed 2004 MYI regime406
not even at 100km length.407
We summarize that for a clear characterization of a sea-ice regime with respect to its408
mean thickness, survey lengths of 10 to 15 km may be necessary in relatively homogeneous409
MYI or FYI regimes like 2001 and 2007. In heterogeneous and deformed MYI regimes like410
2004 a minimum of 100 km can be required. For a representative modal thickness prole411
lengths of 50 km are necessary in homogeneous MYI and FYI regimes and at least 500412
km may be necessary in heterogeneous MYI regimes, where an assignment of a dominant413
modal thickness can even be questionable at all.414
The standard error  in dependence of section length l for sail height, spacing and density415
is shown in Figure 5d-e in terms of percent of the mean. Likewise the standard error of416
mean and modal thickness, a value of 12.75% of the mean was taken as a threshold for417
representative results. For a section length of 100 km mean sail-spacing could be obtained418
with the lowest standard error, followed by mean sail-height and mean sail-density which419
has the highest error. The small standard error for spacing accounts for the clustering of420
sail heights with a preferred spacing of between 6 to 11 m within each cluster. In other421
words, only short prole lengths are necessary to obtain typical spacing of sail-heights422
within deformation zones. A better quantity to describe the distribution of deformation423
zones as a whole is the sail density. Since the pattern in which deformation zones appear424
is less regular than sail spacing within a deformation zone, the standard error of sail425
density is higher. For sail density the length of the data set correlates with the standard426
error. Hence 2001 shows the lowest standard errors and the longest data set of 2007b the427
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largest ones. This result indicates that compared to sea-ice thickness, the distribution of428
deformation zones cannot be associated with huge homogeneous regimes of FYI or MYI,429
as is possible with thickness.430
3.5. Melt Ponds
Melt ponds were detected with the method described in chapter 2.3., which is applica-431
ble for open melt ponds only. Open melt ponds were present during the 2004 and 2007a432
surveys whereas almost all of the meltponds were refrozen during 2001 and 2007b. Hence-433
forth only the 2004 and 2007a data were taken for melt pond coverage determination.434
In Figure 3, positions having melt ponds, which are dened as laser-data drop outs over435
ice thicker than 0.1 m, are marked with light blue bars. Mean melt-pond concentrations436
amounted to 15  14% for 2004 and 15  11% for 2007a, where the errors are standard437
errors for prole lengths of 35 km. These results can be compared with visual observa-438
tions of melt-pond concentrations during each expedition, for which the 2001 melt-pond439
concentration varied between 10% and 30% (all refrozen) [Haas and Lieser , 2003], 2004440
between 30% and 40% (during the last two ights partially refrozen) [Lieser , 2005] and441
2007 melt-pond concentration between 20% and up to 50% (2007b all refrozen or trans-442
formed to thaw holes) [Schauer , 2008]. The dierence between laser-derived melt pond443
concentration and visual observations or aerial photography (Fig. 6) suggests that the444
laser provides an underestimation of the true concentration. In Figure 7 the eect of open445
melt ponds on the overall thickness distributions of 2004 and 2007a is shown. It can be446
seen that ponded ice is on average thinner than pond free ice even with the water column447
of the melt pond included in the ice thickness value, since the HEM instrument measures448
the distance from the surface of melt ponds to the ice-ocean interface. Furthermore, Fig-449
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ure 7 shows that melt ponds preferably form on ice with a thickness less than or equal450
to the modal ice thickness, which was 1 meter thicker in 2004 than in 2007. Additional451
information about the brightness and the colour of melt ponds are known from visual452
observations. 2007 melt ponds were on average darker than those during 2001 and 2004453
(Fig. 6), which accounts for thinner or no ice below the melt pond.454
The equal amount of melt pond concentration in 2004 and 2007a suggests that overall455
surface melting was not stronger in either of the two years. However, since the ice was456
thinner in 2007 the same amount of melt ponds triggered dierent processes. Not only457
are melt ponds on thinner ice more easily transformed into thaw holes, but their darker458
surface also amplies the albedo feedback. In 2007b many thaw holes emerged (Fig. 6d)459
which reduced the ice concentration at some locations, e.g. at the Pacic-Siberian ice460
edge (Fig. 1d), signicantly. Once melt ponds are transformed into thaw holes and the461
sea ice concentration is lowered, the thinning of ice is even accelerated as described in462
section 3.7. The question why the ice concentration was lowered close to the ice edge but463
not over widespread areas of the 2007 FYI cover will be discussed in section 3.8..464
Furthermore, we should note that large amounts of thaw holes probably reduce the465
mechanical strength of the sea-ice cover. Together with the 2007 persistent southerly466
winds over the Pacic Sector of the Arctic ocean [Maslanik et al., 2007b], the thaw hole467
related fragmentation of the sea ice cover may be a further reason for the increased drift468
velocity in 2007, as a fragmented sea ice cover is easier to move [Rampal et al., 2009].469
3.6. Level Ice
Level ice was identied using two criteria. First, the numerical dierentiation of sea-ice470
thickness along the prole using a 3-point Lagrangian interpolator must be < 0:04 and471
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second, level-ice sections must extend at least 100 m in length, which is approximately 2472
times the footprint of the HEM Bird. Such identied level-ice sections are marked black473
in Figure 3. Compared to the level-ice denition of former studies [e.g. Wadhams and474
Horne, 1980], which dened a measurement point as level if either of the two points 10 m475
left or right of it did not dier more than 0.25 m in draft, our criterion is more strict and476
the amount of level ice identied (see Table 1) is lower than visual observations of the sea-477
ice cover imply. However, a denition of level ice is always to a certain degree arbitrary,478
and for our purposes, which is to extract the thermally grown ice thicknesses, we want to479
minimise the amount of deformed ice passing the level-ice lter as much as possible. With480
all the deformed sea ice removed, P (z) becomes normally distributed (Fig. 8) and mean481
and modal thickness agree to within 0:1m. The 2004 and 2007b data sets have a second482
mode at 0.1 m, representing thin ice on refrozen leads. Of particular interest is the second483
mode in the 2001 data of 1.1 m, representing sporadically occurring rst-year ice. It is484
sporadic, because the FYI mode 0:2 m sums up to not more than 6 % of the level ice485
which is 0:96 % of the total data set. For 2001 and 2004, level ice of even 3 m and thicker486
occur, which is most probably deformed ice which accidentally full the level ice criterion.487
The shift of the modal thicknesses in the 2001 and 2007b data from 2.0 m and 0.9 m in488
the complete thickness distribution to 1.8 m and 0.8 m in the level-ice distribution (Table489
1 & 5) can be explained with the strict criterion and the consequence is that not 100 %490
of the level ice is identied. Another explanation could be the uncertain relation between491
modal and level-ice thickness. The mean length of level-ice areas is longest for 2001, a492
little bit shorter for 2007 and shortest in the 2004 data (Table 5).493
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When we interpret the second mode at 1.1 m in the 2001 level ice histograms as a494
FYI mode (Fig. 8), the level ice thickness of 2007a and 2007b was only 0.2 m and 0.3495
m thinner than level FYI in 2001. Compared to previous studies this lies within the496
interannual variation of melting and freezing rates. Haas and Eicken [2001], for instance,497
observed changes of level ice thickness within a summer FYI cover in the Laptev Sea of498
0.3 m between 1995 and 1996 and Perovich et al. [2008] showed yearly melting rates at499
the North Pole between 0.4 m and 0.7 m. Therefore 2007 was not exceptional with regard500
to melting rates, at least not within the pack. This result is also supported by Kwok et al.501
[2009], who found a considerably thinner Arctic MYI cover in 2007 but a negligible trend502
towards thinner FYI.503
3.7. Dependence of Thickness on Sea Ice Concentration
Accounting for the lower Albedo of an open ocean, a decreasing sea-ice concentration504
causes additional heat gain of the ocean via shortwave insolation and therefore causes505
additional melting. Hence, it is of interest to analyse the relation between level sea-ice506
thickness and open-water content for all three data sets. According to the instrument507
accuracy of 0:1 m our denition of open-water content is the fraction of the thickness508
distribution function where ice thickness is lower than 0.1 m.509
For the analysis of the dependence of level-ice thickness on ice concentration we picked510
all modal thicknesses emerging for each ight. This time not only the overall maximum in511
the distribution was picked but every local maximum as well. This highlights the distribu-512
tion of larger areas with the same level-ice thickness within each ight. Plots of open water513
fraction versus thickness modes are shown in Figure 9. In 2001 the majority of level-ice514
modes fell within a range between 1.6 and 2.0 m, independent of sea-ice concentration, al-515
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though a maximum open-water content of 15 % could be observed (Fig. 9a). The proles516
with an open-water content of > 10% were obtained in the region of the North Pole. Two517
modes are distinctly thinner and had a thickness of 1.0 and 1.1 m, representing rst-year518
ice. The 2004 data showed a much larger scattering of modal thicknesses, ranging from519
0.1 m to 3.6 m, where the majority of the modes lay within 1.5 and 2.0 m (Fig. 9b).520
Owing to the low fraction of open water (6 %), the variability in sea-ice concentration521
was too low for the identication of a signicant relationship between ice concentration522
and level-ice thickness. The same applied for 2007a, where no signicant amount of open523
water was present in the data (Fig. 9c). Here the modes were much less scattered and524
the majority of the modal thicknesses were between 0.6 and 1.0 m. The only signicant525
dependence on open water could be observed in the 2007b data, where modal thickness526
decreased gradually with an increasing amount of open water (Fig. 9d). For proles with527
open-water content of below 10%, the modes were concentrated between 0.6 and 1.0 m, as528
for 2007a. Ignoring the modes of thin ice, which represent young ice formed in September529
2007, this decreasing behaviour can be described by a linear relationship:530
Z2007b(W ) =  0:02 W + 0:94;
with 10% < W < 40%; r = 0:7 (3)
where W is the open-water content and Z the level-ice thickness. There are several531
explanations for the absence of a thickness dependence on open water content in 2001.532
First the maximum open water fraction was only 15 %, second open water spots occurred533
in huge open leads and not in form of a fragmented ice cover as in 2007 and thirdly heat534
gain of the ocean and downwelling short wave radiation was not as high as in 2007 [Kay535
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et al., 2008] [Perovich et al., 2008]. The gradient of increasing open water content in536
2007b was directed towards the Pacic sea ice margin of the 2007 sea ice cover. Therefore537
we continue the discussion of the thin 2007b sea ice in the next chapter.538
3.8. Thickness Gradients towards the Ice Edge
The 2004, 2007a and 2007b data sets allow the study of thickness gradients from the539
sea-ice edge into the closed ice pack. In Figure 1 the dierent distributions of sea-ice540
concentration along the three ice edges are visible. The 2004 sea ice edge north of Fram541
Strait was exceptionally far north and showed a sharp transition from open water to542
high ice concentrations (Fig. 1b). Of similar sharp appearance was the sea-ice margin543
north of the Barents Sea in the 2007a data (Fig. 1c). Moreover, the location of the edge544
remained stable during the time of rapid sea-ice decline in August and September 2007.545
The 2007 sea-ice decline was rather pronounced at the Pacic-Siberian ice margin, where546
a widespread decrease in ice concentration was visible already in August (Fig. 1c and547
Fig. 1d).548
The gradients of thickness and open-water fraction P (0) along the ice edge, are shown549
in Figure 10. On average each sample represents a 35 km long ight track. They are550
displayed as function of latitude since transects perpendicular to the three ice edges are551
basically south-north oriented. As we are interested in thickness changes due to melting552
and freezing, we only considered level-ice thickness. The thickness surveys were performed553
in time periods of 18 days (2004), 8 days (2007a) and 22 days (2007b) which are time554
spans where melting and freezing can proceed substantially. To account for temporal555
changes during the time period of the survey, thickness and open-water samples in Figure556
10 are color-coded according to the time progressed. Surface melting could be observed557
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during the rst 15 days of 2004 and during 2007a by the presence of open melt ponds.558
During the last three days of the 2004 surveys and during 2007b thin ice emerged on the559
melt ponds as an indicator for a decline of surface melting. However, whether these are560
signs for a thinning or thickening within the survey period cannot easily be answered here,561
since the amount of bottom melt can be signicant even when surface melting comes to562
a halt [Perovich et al., 2003].563
In 2004 a decrease of mean level ice thickness from 2.25 m to 1.75 m could be observed564
towards higher latitudes between 82N and 85N. Open-water content remained lower565
than 8% and showed no signicant gradient but a slightly higher concentration of open566
leads (8%) around 82:8N and 84:5N (Fig. 10a). The 2007a data showed no trend567
from the margin at 82N up to 85:5N, neither in mean level-ice thickness nor in open-568
water content, which remained lower than 3 % (Fig. 10b). In comparison, 2007b showed569
signicant changes in mean level-ice thickness from values of 0.35 m at the margin at570
83N to values of 0.75 m at 85:5N, whereas north of 85:5N level-ice thickness remained571
constantly scattered around a mean of 0.9 m. The same was true for the open water572
content, which decreased from a maximum of 40% at the ice margin to a mean of 3% at573
85:5N. Farther north the maximum open water content was lower than 8% (Fig. 10c).574
This results show that similar to the Beaufort Sea [Perovich et al., 2008] melting rates in575
the central Arctic in 2007 close to the Pacic sea ice edge were increased, but not within576
the pack. The thickness gradients in 2004 and 2007b from the edge towards north can be577
described by the following linear ts:578
Z2004(L) =  L  0:27 + 24:35;
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with 82N < L < 85N; r = 0:63 (2a)
Z2007b(L) = L  0:09  7:0;
with 82N < L < 85:5N; r = 0:53; (2b)
where Z is the mean level-ice thickness, L the latitude and r the correlation coecient.579
The evolution of ice thickness in time showed no signicant correlation in 2004 and 2007a.580
2007b implied a thinning of ice during the time period of the survey but this can be581
explained by a thinning with increasing open water content as well.582
Compared to previous studies on meridional sea-ice thickness gradients in the region583
of the Fram Strait and north of it [Wadhams and Davis , 2000a], where the thickness584
gradient was positive towards the north, the 2004 negative gradient of mean level-ice585
thickness from 82N to 85N (Fig. 10a) is somewhat surprising. It can be interpreted as586
a situation where older ice was situated in the south and younger north of it. Probably587
the older ice was advected from north of Greenland whereas the younger ice was advected588
from the Eurasian side of the TPD.589
The reason for the presence of a thickness and concentration gradient at the 2007b590
ice edge is more dicult to nd. Interestingly, the 2007a ice edge did not show such591
a gradient. Therefore, we pose the question why sea-ice concentration and thickness592
decreased gradually at the Pacic side but abruptly at the Atlantic side of the 2007 sea-593
ice cover. An obvious dierence between both margins is that the Atlantic margin was594
stationary whereas the Pacic margin retreated towards the North Pole during August595
and September (comparison of Fig. 1c and 1d). This was a consequence of the general596
drift pattern of the TPD in June-October 2007 parallel to the Atlantic sea-ice boundary597
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caused by an anti-cyclonic surface wind anomaly [Ogi et al., 2008]. Considering this wind598
anomaly, which caused on-ice winds at the 2007 Pacic sea-ice margin, it is contrary to599
previous studies by Wadhams [2000b] that the Pacic sea-ice edge was diuse instead of600
compacted and abrupt. Another dierence between both sea-ice edges was exceptional601
heat gain of the surface layer of the Arctic ocean on the Pacic side which could not be602
observed on the Atlantic side of the ice cover [Steele et al., 2008; Perovich et al., 2008].603
Considering both the heat gain and the wind direction, a plausible explanation could604
be the transport of warmer air masses from the open ocean beyond the Pacic sea-ice605
margin into the pack. This caused additional surface melting whereby melt ponds were606
transformed into thaw holes, which amplied the Albedo feedback. Further within the607
ice-pack the warmer air masses cooled down and melting rates were reduced.608
4. Conclusions & Outlook
We have presented high resolution HEM sea-ice thickness data from the Arctic Trans609
Polar Drift (TPD) in the summers of 2001, 2004 and 2007. These data provided the op-610
portunity to compare thickness distributions and surface properties of sea-ice regimes con-611
sisting of predominantly rst-year-ice (2007) or predominantly multi-year-ice (2001,2004)612
with dierent dynamical histories. Furthermore, the data are of special importance since613
regular activities of ULS submarine surveys to obtain sea-ice draft became less frequent614
during the 2000's. These data can be used for validation of various model studies or615
sea-ice thickness results from satellite altimetry techniques. The 2001 and 2007 surveys616
were situated more upstream within the TPD, closer to the North Pole and towards the617
Pacic side of the Arctic Ocean, and the 2004 surveys more downstream within the TPD618
in the area north of the Fram Strait. September mean sea-ice thickness in the upstream619
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TPD decreased from 2.29m in 2001 to 1.22m in 2007. Downstream TPD mean sea-ice620
thickness was 2.63m in 2004, which is a continuation of the decreasing trend in the region621
north of the Fram Strait shown by Wadhams and Davis [2000a].622
This work focussed on a detailed analysis of sea-ice thickness distributions and surface623
properties of the sea-ice cover, and is therefore a continuation of the study of Haas et al.624
[2008] which is partially based on the same data sets but focused more on the evolution625
of summer sea ice thickness in the TPD since 1991. As a major conclusion we found that626
MYI regimes can show similar modal thicknesses with at the same time dierent shapes627
of their distribution functions, for which a less deformed and homogeneous MYI regime628
was more self consistent with a FYI regime in the same region but six years later. We629
conclude that the parameters FWHM of a distribution function and the curvature of the630
tail of a distribution function more depend on the location within the TPD, e.g. locations631
with dierent degree of drift convergence, rather than on the age of the ice. For instance,632
the MYI thickness distribution downstream of the TPD showed a larger FWHM and a633
lower curvature B, indicating the presence of dierent types of MYI or a heavier degree634
of deformation.635
The three pressure-ridge parameters sail height, sail spacing and number of sails per636
kilometer were obtained. We found that sail height is a poor parameter to estimate the637
mean or modal thickness within a pack since mean sail heights between a thin FYI regime638
in 2007 and a more than 50% thicker MYI regime in 2004 diered by only 10 %. Likewise639
small was the dierence of modal sail spacings between the studied ice regimes, agreeing640
within a spacing interval of 6 and 11 m. These small modal spacing values represent the641
average sail spacing within a deformation zone and not the distance between two of such642
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zones. The sail density showed dierent behaviour, where both mean and mode increased643
with transition into the convergent regime north of Fram Strait. Hence sail densities are644
more appropriate to describe the state of deformation of a regime than sail spacing or sail645
height.646
To ensure the statistical reliability of our measurements standard errors of mean and647
mode for dierent prole lengths were calculated. Honoring the 12.75%-of-the-mean crite-648
rion of signicance of Wadhams [1997] the mean thickness of all three years was achieved649
with an acceptable standard error. The required length of a thickness prole depends on650
the regional variability of ice-thickness types present in the study area and on the degree651
of deformation. An absolute standard error of the mean thickness of 0.2 m or below could652
be achieved for less deformed and homogeneous MYI and FYI regimes in 2001 and 2007653
at survey lengths between 10 and 15 km and for a heavier deformed and heterogeneous654
MYI regime in 2004 at survey lengths of 100 km or more, indicating its larger regional655
variability due to the presence of dierent ice-thickness types. Standard errors of modal656
thickness remained constantly high until a sucient prole length was reached where the657
error dropped abruptly to lower values. A standard error for modal thickness of 0.2 m658
was achieved for prole lengths of 50 km in the MYI and FYI regime of 2001 and 2007659
but it remained as high as 0.6 m for 100 km long transects in the heterogeneous and660
deformed MYI regime in 2004. Most pressure-ridge parameters can be obtained with661
standard errors lower than 12.75% of the mean, except sail density. Here the standard662
error increased with the length of the data set in all years, indicating that deformation663
zones do not distribute as homogeneously as we have observed for sea-ice thickness.664
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Concentration of open melt ponds was estimated for each year in early August. Later665
in the year the melt ponds were already refrozen. We observed equal melt pond concen-666
trations of 15% on FYI in 2007 and MYI in 2004; likely an underestimation of the true667
melt pond coverage. Melt ponds form preferably on ice thinner than the modal thickness.668
On thin rst-year ice they can cause abrupt reductions of sea-ice concentration when the669
bottom melts through to the underlying ocean, as we observed for the Pacic Siberian670
sea-ice edge in 2007.671
A comparison of thermodynamically grown sea ice between the years was done by672
separating level-ice sections from the complete data sets. Level-ice thicknesses of the673
same type, i.e. FYI or MYI respectively, were normally distributed and mean and mode674
agreed within 10 cm. Comparison of 2007 level-ice thickness with sporadic FYI in 2001675
showed a dierence of -0.2m in 2007, which lies within the expected interannual variation676
of freezing and melting rates. Therefore, thermodynamic growth conditions within the677
pack seemed not to be much dierent in 2007 despite the minimum in extent in that678
summer. This is in agreement with results from Kwok et al. [2009] who found no negative679
trend of the thickness of Arctic FYI between 2003 and 2008.680
Meridional gradients of level ice were found in the 2004 and 2007b data. Whereas681
the rst gradient was caused by the advection of dierent ice types, the latter was a682
consequence of the proximate and strongly retreating ice edge. We speculate that the683
combination of persistent southerly winds in the TPD [Maslanik et al., 2007a] [Ogi et al.,684
2008] and anomalous high sea surface temperatures in the Pacic sector of the Arctic685
Ocean [Steele et al., 2008] created warm on-ice winds which accelerated the formation of686
thaw holes on the thin FYI close to the sea ice margin. This lead to accelerated bottom687
D R A F T September 8, 2010, 3:59pm D R A F T
X - 34 RABENSTEIN ET AL.: ARCTIC SEA ICE THICKNESS DISTRIBUTIONS
melting [Perovich et al., 2008] and fragmentation of the sea ice cover [Rampal et al.,688
2009] and to a retreat of the 2007 Pacic-Siberian ice edge. Further, we conclude that689
sea-ice thickness in the central Arctic Ocean depends more on the surrounding sea-ice690
concentration than on the latitude, which in turn makes sea-ice thickness measurements691
in a region with low sea-ice concentration less representative for the whole region.692
Some of the results presented here should be considered for future sea ice thickness693
activities in the Arctic and their interpretations. The fact that satisfactory small stan-694
dard errors of mean and modal thickness can be obtained on relatively short transects695
of approximately 15 km and 50 km, at least in the central Arctic, indicates the high696
representativeness of airborne sea ice thickness proles in this part of the Arctic Ocean.697
This can be seen as a justication for an intensied continuation of sea ice thickness698
monitoring using ice breaker based HEM. Taking remote sensing data or model data of699
age, concentration or drift of sea ice into account, thickness results from single transects700
may have a relevance to other regions of the Arctic, where these parameters are similar.701
On the contrary, in convergent ice regimes, like north of Fram Strait, we suggest not to702
dene obtained mean thicknesses as being representative for that region, when they were703
recorded on a total transect length of less than 100 km. However, it is worthwhile to704
continue and expand HEM measurements in the Arctic in order to consolidate the pre-705
sented results and to assess whether the statistical parameters in other convergent MYI706
regions are comparable to that of the MYI north of Fram Strait in 2004. Furthermore,707
laser-derived melt pond concentrations have to be validated by means of ground truthing708
during future eld activities in the Arctic.709
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Table 1. Parameters of the HEM surveys and results of the thickness measurements. FWHM
is the full-width-half-maximum of the thickness distribution function. Open water content is the
percentage of ice thinner than 0.1 m. Level-ice content is calculated with an adapted level-ice
lter (see section 3.5.). Curvature B describes the tail of the thickness distribution function.
Open melt ponds are determined using the algorithm as explained in section 3.4.
Overall Overall Open Level Cur- Open
Time Total Mean Modal FWHM Water Ice vature Melt
Year Period Region Length Thickness Thickness Content content B Ponds
(dd.mm) (km) (m) (m) (m) (%) (%) (%)
2001 30.08-20.09 Gakkel Ridge 260 2:28 0:95 2:0 0:7 4 16 1:28 1
& East of North Pole
2004 23.07-14.08 North of 812 2:63 1:32 2:1 1:3 1:8 9:5 0:86 15
Fram Strait
2007a 03.08-10.08 North of 931 1:36 0:73 0:9 0:8 0:5 20:5 1:47 15
Barents Sea
2007b 28.08-18.09 Northpole towards 3180 1:22 0:79 0:9 0:8 5:4 19:1 1:44 0
Pacic / Siberia
Table 2. Ridge-sail parameters. Numbers following a  symbol are standard deviations of
the particular quantity. D is the curvature of the sail-height distribution
Mean Max Mean Modal Mean Modal
Sail Sail Curvature Sail Min/Max Sail Sail Sail Min/Max
Year Height Height D Spacing Spacing Spacing Density Density Density
(m) (m) (m) (m) (m) (1/km) (1/km) (1/km)
2001 1:21 0:40 4:61 2:47 193 254 0:88=2433 11 5:17 3:27 3&5 0=16
2004 1:27 0:48 4:90 2:15 139 230 0:22=5662 8 7:20 5:10 5 0=40
2007a 1:17 0:38 4:36 2:75 233 322 0:72=3686 6 4:28 3:35 2 0=23
2007b 1:14 0:36 4:97 2:93 220 353 0:64=5021 6 4:50 3:83 2 0=28
Table 3. The three log-normal t parameters for sail spacing, the mean and modal sail spacing
and the correlation r between t and measurements.
Year    smean (m) smax (m) r
2001 1:93 6:09 0:19 1038:80 10:90 0:70
2004 1:33 3:69 0:00 104:03 6:83 0:97
2007a 1:51 4:10 0:00 212:99 6:10 0:91
2007b 1:48 4:08 0:50 177:28 7:18 0:97
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Table 4. The three log-normal t parameters for sail density, the mean and modal sail density
and the correlation r between t and measurements.
Year    dmean (m) dmax (m) r
2001 0:25 2:52 7:80 5:01 3:90 0:95
2004 0:24 3:01 14:35 6:52 4:85 0:99
2007a 0:65 1:70 1:60 5:15 2:00 0:99
2007b 0:33 2:32 7:10 3:68 2:08 0:99
Table 5. Mean and modal thickness of level ice and the mean and maximum length of
continuous level-ice sections
Mean Modal Mean Max
Year Thickness Thickness Length Length
(m) (m) (m) (m)
2001 1:89 0:37 1:8 160 77 552
1:1
0:1
2004 1:96 0:72 2:1 148 54 426
0:1
2007a 0:97 0:31 0:9 158 69 680
2007b 0:84 0:31 0:8 154 66 888
0:1
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Figure 1. Maps of all HEM ights and respective SSM/I sea-ice concentration during each
campaign
Figure 2. Overall sea-ice thickness distributions including open water. Circles mark the mean
ice thickness and arrows the full width at half maximum (FWHM). Exponential ts for the tails
of the distributions are plotted as solid lines.
Figure 3. 10km long sea-ice sections representing typical proles obtained during each cam-
paign, where Z=0 marks the sea level. A freeboard to draft ratio of 0.89 was assumed in order to
convert ice thickness into freeboard and draft. Dark sea-ice sections mark level ice as identied
with the level-ice lter. Blue bars at the sea-ice surface are melt ponds located by laser drop-outs.
Most of the larger ridges are melt pond free. a) 03/09/2001, 86:5N/72E. Level ice sections at
2 km and 5 km are rst-year ice. b) 03/08/2004, 83:4:N/4:7W. Melt ponds are present and
level-ice thickness ranges from one to two meters. c) 03/08/2007a, 82:8N/31E. Melt ponds are
present. d) 17/09/2007b, 82:2N/109E. This section was obtained at the marginal sea ice zone
Figure 4. a) Distribution of sail heights tted with a negative exponential function. No sails
lower than the cut-o height of 0.8 m are detected. b) Histograms of sail spacing plotted with
a bin width of 0.4 m together with the log-normal ts. c) Histograms of sail density in sails per
kilometer with a bin size of 1 together with the lognormal ts.
D R A F T September 8, 2010, 3:59pm D R A F T
RABENSTEIN ET AL.: ARCTIC SEA ICE THICKNESS DISTRIBUTIONS X - 45
Figure 5. Standard Error " versus prole length. a.) Absolute value of " of mean thickness
(left) and modal thickness (right). The red line denotes the threshold for reliability of 0.2 m.
b.) " in percent of the mean thickness (left) or modal thickness (right). c.) Circles are mean
thickness (left) and modal thickness (right) and error bars indicate ". d.) " of mean ridge-sail
heights as percentage of the mean. e.) " of mean ridge spacing as percentage of the mean. f.) "
of mean ridge density in percent of the mean. Except in a.) the red dotted line mark a 12.75%
threshold. This threshold is aligned with the threshold for reliable mean-thickness measurements
of Wadhams [1997].
Figure 6. Aerial photographs of typical sea-ice conditions for all four data sets. a)Mid-August
melt pond concentration is lowest of the four data sets and; all ponds are refrozen., b) End of
July melt ponds are open, c) Beginning of August melt ponds are open and mostly dark coloured,
d) Mid-September melt ponds are refrozen. The red arrow points to a refrozen melt pond, the
green arrow points to a thaw hole.
Figure 7. P (z) P (z)noponds is the dierence between sea-ice thickness distributions including
ponded ice and excluding ponded ice. Above zero refers to ice-thickness ranges which are over
represented in ponded ice and below zero refers to an under representation in ponded ice.
Figure 8. Level-ice-thickness distributions. Circles mark mean sea-ice thicknesses and error
bars their standard deviations.
Figure 9. Modes of level-ice thickness of individual 35 km sections (18.5 km in 2001) plotted
versus open water fraction. All modes, not only the dominant modes, of all individual sections
are plotted. The circle size denotes the point density, i.e. the number of modes plotted on the
same position. The dashed line in d.) is a linear t to level-ice modes thicker than 0.1 m and
with an open water content of > 10%
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Figure 10. Mean level-ice thickness (circles) of individual 35 km sections and open water
fraction (squares) plotted versus latitude. Grey colours indicate the day within the measurement
period, where black is the rst day and white the last. A circle and square of the same color
correspond to one individual section. Dashed lines are linear ts of the level-ice thickness. Dotted
line (only in c.) is a linear t to the open water fraction.
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